The angles at which a light beam gets diffracted by a grating depend strongly on the direction of incidence for diffraction angles close to a right angle. Accordingly, it is possible to amplify small beam deflections by placing a grating at an optimal orientation to the light path. We use this principle to amplify small beam deviations arising out of a light beam refracting at the interface of an optically active medium, and demonstrate a new technique of enhancing the limit of detection of chiro-optical measurements.
Introduction
The measurement of small beam deflections is an important metrological tool in various optical applications, for which a variety of experimental techniques have been used. Common methods rely on well-known optical effects and devices, such as interferometry [1] [2] [3] , total internal reflection [4] [5] [6] , optical fibers [7] [8] [9] , and surface plasmon polaritons [10] [11] [12] .In recent years, ideas from quantum measurements [13] have also been used to measure very small angular deflections, down to the order of picoradians [14] . Unfortunately, most of these methods rely on sophisticated experimental setups, which are quite often difficult to implement in a practical scenario. The purpose of this paper is to demonstrate a simple scheme to amplify small beam deflections, and thereby avoid or minimize the complexity associated with these types of measurements.
Our scheme consisted of a diffraction grating held at an angle to a deflecting light beam, such that the directions of the diffracted beams were strongly dependent on the orientations of the grating. This resulted in amplified angles of deflection, which could be measured with position-sensitive diodes with reasonable signal-to-noise ratio.
As a possible application, we considered the measurement of circular differential deflection of a light beam upon refraction [15, 16] , reflection, or diffraction [17] at the interface of a chiral medium, where the final sensitivity of the chiro-optical measurement is limited by the smallest angle of deviation that can be measured accurately (currently ∼ nanoradian [18] ). As we show in this paper, by amplifying the angular deviation between the beams, chiro-optical measurements could be significantly improved.
Principle
Consider a light beam of wavelength λ, incident on a transmission grating of groove density, d, at angle, i. The angles of diffraction, ϕ m , for order m, are related to the incident direction by the well-known grating equation, given by dsin i sin ϕ m mλ:
Assuming small changes in the direction of incident light beam, given by Δi ≪ i, the corresponding changes in the angles of diffraction are given by
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The schematic of two light beams incident on a diffraction grating with similar angles of incidence is shown in Fig. 1(A) . It is interesting to note from Eq. (2) , that the differences between diffraction angles for the two light beams can be very high when cosϕ m approaches zero, i.e., when the beams diffract at a grazing angle to the surface of the grating (ϕ m ∼ π ∕2). The quantity Δϕ m ∕Δi is defined as the angular amplification, AA, of a grating, which is plotted as a function of the angle of incidence in Fig. 1(B) , based on the simple estimate presented in Eq. (2). The variation of AA is constant (∼1) for most angles of incidence, except near certain angles of incidence (such that ϕ m ∼ π ∕2), which depend on the grating parameters and the diffraction order.
Experimental Setup
To demonstrate that small beam deflections could be amplified using the proposed method, we used a grating to amplify the small deflections arising out of circularly polarized light beams refracting at the interface of an optically active medium. A medium can have natural optical activity due to the presence of chiral molecules, or can be rendered optically active by the application of a longitudinal magnetic field (Faraday effect), and is typically characterized by two refractive indices for left and right circularly polarized states of light. The differences between the corresponding angles of refraction at the interface of an optically active medium can therefore serve as a measure of the chiro-optical properties of the medium, since the circular differential deflection of the light beams, δ, scales linearly with the difference of the refractive indices, Δn.
The experimental setup to generate, amplify, and measure δ is shown schematically in Fig. 2 . A 632.8 nm He-Ne laser (5 mW) was transmitted through a polarization modulation system (e.g., photoelastic modulators, Hinds Instruments), such that the polarization states are switched between the two circularly polarized states at 50 KHz. The beam was refracted at the interface (finish λ ∕10) of a prism made of SF11 (Verdet constant, V 20 rad T −1 m −1 at λ 633 nm), which was placed at the center of a custom built Helmholtz coil. The choice of SF11 was due to its large Verdet constant and easy commercial availability, and in principle could be replaced with any material that demonstrates either natural or induced optical activity. Upon application of a dc magnetic field (typically B ∼ 300 G), the prism was rendered optically active (Δn VBλ ∕π ∼ 10 −7 ), giving rise to circular differential beam deflections, δ ∼ 10 −7 rad [19] . The refracted beams were then transmitted through a diffraction grating (line spacing, d 15000 lines ∕inch), which was mounted on a manual rotation stage, with angular positions denoted by i, such that i 0 Light from a He-Ne laser was modulated between two circularly polarized states and transmitted through a SF11 prism (30°-60°-90°). The prism was made optically active by the application of a dc magnetic field using a Helmholtz coil. The light beams after refraction at the prism-air interface was transmitted through a grating, which could be rotated with a precision of 25 millidegrees. The differential beam deflections were measured phase synchronously by a position-sensitive detector (PSD) and a lock-in amplifier.
corresponded to normal incidence with respect to the grating surface. The positions of the diffracted beams were measured by a PSD, used in conjunction with a lock-in amplifier. The PSD was typically kept at 40 cm away from the grating, such that the effective beam displacements were ∼0.04 μm, for beam deflections ∼10 −7 rad. Displacements of this order of magnitude could be measured with reasonable signal-to-noise (S/N) ratio (∼5) within a few seconds of averaging time, provided the setup was placed on a stable rigid platform (not necessarily a floating table), and the air current around the experiment was reduced by placing the whole setup within an enclosure. The main effect of the enclosure was to reduce measurement drifts, resulting in reasonable stability over the duration of our experiment (about 1 h). We have also experimented with different types of polarization modulators (such as a Pockel's cell), and found negligible differences on the S/ N of the beam displacement measurement.
Results and Discussion
Upon application of the dc magnetic field of 300 G, the two circularly polarized beams had a relative deflection of δ ∼ 10 −7 rad, which had a very little amplification (AA ∼ 1.1) for normal incidence (i 0) on the grating, according to Eq. (2). As the grating was rotated, the increased beam deflection (Δϕ) was measured for different orientations of the grating. The effective angular amplification AA Δϕ ∕δ, for the first diffraction order (m 1) is shown as a function of the angle of incidence in Fig. 3 . The angular amplification goes up by an order of magnitude in a certain range of incidence angles, as predicted by the simple estimates of Eq. (2). It is not clear why the magnitude of amplification deviated from the theoretical estimate at certain ranges of the angles of incidence, although the increase in AA near grazing angles (i.e., ϕ m ∼ π ∕2) of diffraction is obvious. The corresponding S/ N for a measurement time of 1 s also had a comparable enhancement, as can be seen in the inset of Fig. 3 .
While the enhancement of the S/N of the measured circular differential deflection validates the applicability of this simple technique to improving the limit of detection of chiro-optical measurements, and in general to the problem of detecting small beam deflections, it is necessary to analyze the observed increase in the S/N in greater detail. The essence of the method described in this article is related to the increase of the signal (amplification by the grating), rather than the suppression of the noise. The sources of noise in the present setup had various origins; specifically important were mechanical vibrations, thermal noise and drift in the positionsensitive diode, and fluctuations of the laser intensities. For most practical situations, these are the dominant sources of noise which limit the final sensitivity of a measurement. In the present scheme, the contributions from these noise sources remain unchanged, even when the signal was enhanced by an order of magnitude. It is possible to imagine alternate ways of boosting the signal, such as to use multiple mirrors to increase the effective light path, which are probably more sensitive to mechanical noise, and require greater experimental complexity.
It will be interesting to ask if this method can be used to improve the fundamental S/N of a beam deflection system, which is essentially limited by the photon shot noise. In other words, does the method of amplification using the present scheme offer an advantage in an idealized situation, where all other sources of noise can be neglected? The question of fundamental limit in beam deflection measurements has been discussed in the literature [20, 21] , where it has been shown that the fundamental S/N is related to the ratio of the beam displacement (Δx) to the size of the beam (w), i.e., S ∕N ∝ Δx ∕w. The effect of the rotation of the grating in our experiments was to amplify the beam displacement by a factor AA, which, however, also increased the size of the beam. The size of a diffracted beam is expected [22] to depend strongly on the beam characteristics, due to which we measured the size of the beam for different grating orientations in the same experimental setup. The results are plotted in Fig. 4 , showing a marked increase in w for certain angles of incidence. Interestingly, the ratio of the amplification factor to the beam size (AA ∕w) increased very little (less than a factor of 2), implying the fundamental limit of detection (∝ Δx ∕w) increased very little (since Δx ∝ AA) This implies that the present amplification scheme will have little advantage when the sensitivity of the measurement is limited by photon shot noise alone. However, in most realistic measurements, including the chiro-optical experiments described in this paper, the dominant sources of noise are systematic (or technical) in nature, and shot noise can typically be neglected. This is also observed in typical measurements of deflection of the atomic force microscope cantilever, where measured noise levels are higher [20] than what is predicted by shot noise estimates. Assuming that the technical [23] noise can be modeled as white noise (uncorrelated with the photon shot noise), the contribution from the technical noise is independent of the photon flux and decreases as t −1 ∕2 , where t is the time of measurement. The main sources of technical noise in the chiro-optical measurements are presumably from the detector electronics, mechanical vibrations, and fluctuations in the retardation caused by the polarization modulators. Of these, the amplification of beam deflection was susceptible to vibrations of the grating and thus usage of the grating may not provide any inherent advantage. However, contribution from all the other technical noise sources remained the same even when the beam was deflected through the grating, as none of these noise sources depend on the size or direction of the light beam. As a result, the amplification of the signal was more than the increase in the noise, resulting in an improved S/N, as shown in the inset of Fig. 3 .
Conclusion
We describe a simple method of amplifying beam deflections using a diffraction grating. Possible applications include the measurement of circular differential beam deflections arising at the interface of an optically active medium, which has been demonstrated in the experiments reported here. Most crucially, the signal-to-noise ratio of the measurements improved significantly in a certain range of grating orientations, thereby suggesting a simple way of improving the sensitivity of chiro-optical measurements in practical situations with diverse sources of noise. 
